Abstract -In the past decade it has repeatedly been shown that agriculture is a significant source of ground-and surface water pollution. Nitrogen losses and nitrogen use efficiency (NUE) are major concerns in agricultural practice and of policy-makers. Rapid intensification of livestock production, a result of the focus on increasing productivity from the 1950s onwards, has contributed to a large increase in nutrient surpluses. Here, we performed a quantitative analysis of the variables influencing the nitrogen use efficiency in Flemish grassland-based farming systems. The analysis was based on the large dataset of the Farm Accountancy Data Network, holding technical and economic data of Flemish farms. A statistical model is proposed by performing multiple regression with several variable selection procedures. Many combinations of variables were studied in 92 models and different criteria were taken into account to select the most adequate combination of variables. This approach focuses on a deep statistical analysis and interpretation of the model. The novelty of this research is the quantification and comparison of the influence of different inputs and other variables in nitrogen use efficiency at the farm level. Our results show that, contrary to current knowledge, a higher nitrogen use efficiency was observed for farms with a higher number of 'Dairy cows ha −1 ', holding the rest of the N inputs constant. A higher stocking density is compatible with a higher agricultural sustainability. It is demonstrated that the amount of milk N produced by added cows is higher than the decrease in milk N produced by each single cow due to a reduced input of feed N per cow. The dairy cow becomes more efficient in the use of N, increasing the farm-gate NUE and the farm sustainability. In the dataset of this study, the variable 'Dairy cows ha −1 ' is more relevant than suggested by previous studies: 1.4 times more relevant than the variable 'kg of N in fertilisers ha −1 ', which is 1.5 times more relevant than 'kg of N in concentrates ha −1 '. According to previous knowledge, the N input variables present a negative sign. Decreasing the N input in fertilisers, concentrates and by-products are recommended actions to increase the NUE. Unexpected interaction effects were found. sustainability / nitrogen use efficiency (NUE) / statistical model / dairy farming / dairy cows ha −1
INTRODUCTION
In the past decade it has repeatedly been shown that agriculture is a significant source of ground-and surface water pollution (Heathwaite et al., 1996; Yadav et al., 1997; Carpenter et al., 1998; Hadas et al., 1999) . In Flanders, agriculture is still a major contributor to nitrate contamination of groundwater (Van Gijseghem et al., 2002) and to acidifying emissions such as NO x and NH 3 , and as in other European regions, N losses and N use efficiency are major concerns in agricultural practice and of policy-makers (Nevens et al., 2006 ). An urgent problem related to nutrient pollution from the environment due to dairy farming is the increasing concentration of greenhouse gases in the atmosphere and the consequent global warming (Oenema et al., 2001 ).
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The ecological quality of many surface waters is poor and nitrate concentration of groundwater exceeds 50 mg of nitrate per litre of groundwater in several areas. This is mainly due to relatively high discharges of nitrogen (N) and phosphate from agriculture (Oenema et al., 2005) . The eutrophication of surface and marine waters, partly caused by agriculture, has also become a major concern (Carpenter et al., 1998; Rejesus and Hornbaker, 1999) . Rapid intensification of livestock production, a result of the focus on increasing productivity from the 1950s onwards, has contributed to a large increase in nutrient surpluses (Oenema et al., 1998) . The surplus expresses the potential loss from the system both in terms of volatilisation (e.g. in the process of handling manure in barns, during storage and in the fields) and in terms of denitrification and leaching from the soil (Borsting et al., 2003) .
To bring sustainability into practice many farms focus on improving efficiency wherever possible (Van Passel, 2007) . Efficient use of resources, particularly of nutrients, is one of the major assets of sustainable agricultural production systems. Inefficient nutrient use not only results in excessive and potentially harmful losses to the environment, it also negatively affects the economic performance of production systems (Oenema and Pietrzak, 2002) .
Efficiency is an important research topic because it plays an important role within the ecological aspects of grasslandbased farming systems because it has a substantial impact both on the source and sink side. Considering the major share of 54% grassland and forages in the total utilised agricultural area in Flanders, working on enhanced sustainability on grasslands and forages is very effective in increasing the sustainability of the agricultural sector as a whole (Nevens, 2003) .
Introducing nutrient balances on farms increases awareness of nutrient flows in the farming system and the information can serve as a guideline for improvements in nutrient management (Ondersteijn, 2002; Goodlass et al., 2003; Hanegraaf and den Boer, 2003; Swensson, 2003) and to study the efficiency of nitrogen use (NUE). However, the nutrient balance sheet does not tell what decisions a farmer should take to reduce surpluses and it does not quantify the effects of particular decisions (Kuipers and Mandersloot, 1999) .
This research introduces statistical modelling of the effects of the variation in the nitrogen flows on the NUE on Flemish dairy farms. To our knowledge, there are very few multiple regression analyses reported to quantify the effects of managerial aspects on the NUE of farms. Several authors tried to model decision-making and many models have been created, but either they do not quantify the effect of each independent variable (they are not statistical models), they are not designed and validated to use in Flemish conditions or they do not focus on the general N surplus but on the nitrate leaching or volatilisation.
The statistical approach is chosen because it is appropriate when there are uncertainties surrounding the systems under study. Statistical modelling plays an important role in modern control practice, particularly in assisting in higher level decision-making, process monitoring, data analysis and in statistical process control. Statistically-based models can yield useful information in a relatively short time frame and in a cost-effective manner (Wells and cole, 2001 ).
Much agricultural scientific research, in which multiple regression is performed, does not comment on important issues such as, e.g., multicollinearity and interactions limiting the overall use of these studies. From 537 studies published in scientific journals about agriculture and biology since 1990, only 30 of them comment on multicollinearity; 240 of them comment on interactions; only 21 comment both on interactions and on multicollinearity, and only two of them centred the models in order to interpret the coefficients when interaction terms were present. The objective was to develop a regression equation including as many independent variables as possible to study their relevance and relative importance.
MATERIALS AND METHODS

Characterising the dataset
Data used in this research was stored in the Farm Accountancy Data Network (FADN), which holds technical and economic data of Flemish farms. From this dataset, 233 specialised dairy farms were selected. Specialised dairy farms were defined as farms where dairy produced at least 95% of the farm income. The farms were followed during the period 1989-2001. Not all farms were monitored during all years: some farms disappeared from the Network, others joined the Network during the monitoring period. In total, 1 298 observations were available. Since several farms were recorded in subsequent years, a random effect for 'Farm' was introduced in the models in order to avoid the negative impact of correlated observations. The selected farms did not buy forage maize and had no N input by fixation since they had neither leguminous crops on their farms nor white clover in their grassland. They did buy straw and by-products from the food industry. Characteristics of the selected dairy farms are presented in Nevens et al. (2006) .
Conceptualising a farm-gate balance and calculating the NUE
The NUE use (%) was calculated as:
Total N input is the sum of N in purchased concentrates, byproducts, straw (or sawdust), animals, mineral fertiliser and manure, and in atmospheric deposition. Total N output is the total amount of N in exported milk, animals, manure and crops. All inputs and all outputs are expressed in kg N ha −1 of the total utilised farm area. A detailed description of the calculation of the balance is presented in Nevens et al. (2006) .
Statistical analysis
The development of the statistical analysis of farm data was done in different steps.
First step: several multiple regression methods (ascendant and descendant substantive knowledge method, stepwise methods and best-subsets methods) were used in order to find as many candidate models as possible. In total, 92 models were developed, from which 51 were developed with the descendant substantive knowledge method. The final models were found with the descendant knowledge method. This method starts by including in the equation all the candidate independent variables and proceeds by eliminating step by step the independent variables that are not relevant enough. The criteria for eliminating variables are the researcher's knowledge based on previous literature and the partial correlation of the independent variables with the dependent variable NUE. An overview of the candidate independent variables is given in Table I . Gross violations of the assumptions may yield an unstable model, in the sense that a different sample could lead to a totally different model with opposite conclusions (Montgomery et al., 2001 ). Third step: the dummy variable '% of arable crops' was tested in order to check if it was necessary to split the dataset of 1300 farms into two datasets: one dataset comprising farms without arable crops and another dataset comprising farms with arable crops. Fourth step: the degree of multicollinearity (correlation among the independent variables, which is not desirable) was checked in order to assure a correct interpretation of the regression coefficients. Fifth step: interaction effects were checked. To interpret the interaction terms, the models were centred. When a model is centred, the degree of multicollinearity decreases and the regression coefficients are easier to interpret.
To centre a model, the mean is subtracted from each observation. The regression coefficients are different in the centred and in the uncentred model. In the presence of interactions, the coefficients of an uncentred model represent the variation in the dependent variable when a particular independent variable varies, keeping the others constant at zero value. This has little sense because the independent variable 'Dairy cows ha −1 ' cannot equal zero in a dairy farm. The coefficients of a centred model represent the variation in the dependent variable when a particular independent variable varies and the rest of the independent variables are kept constant at their average value. This situation is more common in reality. Therefore, it makes more sense to interpret the regression coefficients of the centred model.
Two final models were retained by eliminating the models which did not fulfil the assumptions of multiple regression. Finally, the influential observations were studied, and the models were validated and interpreted.
Two different statistical software packages were used: SPSS 16.0 and S-PLUS 6.1. SPSS gives the most complete information about the multicollinearity diagnostics (tolerance values, variance inflation factors (VIF), condition indices and the proportion of the variance). S-PLUS is the most adequate program to test the functional form of the relationships between the dependent and independent variables. The stepwise methods are most practically performed with this software. The program also allows a fast interaction analysis.
RESULTS AND DISCUSSION
The aim of this research was to quantify and to compare the influence of the different inputs and other variables on nitrogen use efficiency (NUE), specifically the magnitude and sign of the regression coefficients, at the farm level. Many combinations of variables were studied in 92 multiple regression models and different criteria were taken into account to select the most adequate combination of variables.
Final models
The dummy variable '% of arable crops' was significant, which means that applying the same regression equation to a group of farms with arable crops and to a group of farms without arable crops, the difference in the calculated average NUE is significant for both groups. As a consequence, two different regression models were selected: the dataset of Model 1 includes farms without arable crops. The dataset of Model 2 includes farms with arable crops. Both models present interaction terms and both models fulfil the assumptions of multiple regression.
The final uncentred models had the following equations: Model 1 (uncentred) NUE = 9.379 − 0.056 kg o f N in f ertilisers ha 
Tables II, III and IV show a resume of the main characteristics of both models (uncentred and centred).
Comparison of the two models
Model 1 represents farms without arable crops. Model 2 represents farms with arable crops. The main statistical difference between these two models is the larger number of interaction terms of Model 1. The degree of multicollinearity of the uncentred Model 1 is very high (Tab. II). The uncentred Model 2 has a lower degree of multicollinearity but it is still high (Tab. IV). The interpretation of the independent variables is more meaningful in both centred models.
The two centred models present an acceptably low degree of multicollinearity (tolerance values are higher than the accepted cut-off value of 0.100 (Hair et al., 1998) , variance inflation factor values are lower than the accepted cut-off value of 10 (Hair et al., 1998 ; Von Eye and Schuster, 1998) and condition indices are not higher than the recommended cut-off values of 15 or 30 (Hair et al., 1998) , or 100 (Montgomery et al., 2001 )) (Tabs. III, IV).
The statistical power achieved in both models is very similar: Model 1 has a R 2 of 0.772 and Model 2 has a R 2 of 0.761. The standard deviation of the intercept and of the residual are also similar in both models (see Tabs. III, IV). Both models have the same independent variables except the interaction terms.
Interpretation of the regression coefficients of centred Model 1
The interpretation of Model 2 is not shown but very similar.
Unstandardised coefficients of centred Model 1
The unstandardised regression coefficients of the centred model show how much a variation in one unit of an independent variable influences the dependent variable NUE when the other independent variables are around their mean value.
As indicated in Table III , a change of 1 'kg of N in fertilisers ha −1 ', 1 'kg of N in by-products ha −1 ' and 1 'kg of N in concentrates ha −1 ' causes an average change of approximately 0.05% NUE in the opposite direction; a higher NUE was observed for farms with a higher number of LU per ha when the other independent variables are at their mean. The positive sign of this independent variable is unexpected according to previous literature studies which suggested a negative correlation (e.g. Nevens et al., 2006) . However, this result was based on simple regression or observations and straight comparisons among farms. This positive sign is not due to multicollinearity, because the centred model does not suffer from multicollinearity, as mentioned in Section 2.3, but due to the inclusion of the relevant variables in the regression equation. The causes, explanation and demonstration of this positive sign are explained in Section 3.4.
Standardised (Beta) coefficients of centred Model 1
The value of a beta coefficient expresses how many standard deviations the dependent variable NUE changes on average when varying an independent variable with one standard deviation. They show the relative importance of each independent variable in the model, when the other independent variables are at their mean (Tab. III). The beta coefficients are influenced by the different standard deviations of each independent variable. For variables measured in the same units and with very similar unstandardised coefficients ('kg of N in fertilisers ha −1 ', 'kg of N in concentrates ha −1 ' and 'kg of N in by-products ha −1 '), the ones which have a higher standard deviation will have a higher beta coefficient. The beta coefficients of the centred Model 1 show that, contrary to current knowledge, the most relevant variable is 'Dairy cows ha −1 ': it has a beta coefficient of 0.957 (Tab. III). So this variable has the highest priority if one wants to improve the NUE. 'kg of N in fertilisers ha −1 ' has the second largest beta coefficient, -0.682. The interpretation is that an increase in one standard deviation of 'kg of N in fertilisers ha −1 ' (70.97 units) will cause an average decrease of 0.682 standard deviations of the NUE. 'kg of N in concentrates ha −1 ' (beta coefficient -0.319) is about half as relevant as 'kg of N in fertilisers ha −1 ' and the relevance of 'kg of N in by-products ha −1 ' (beta coefficient -0.223) is about one-third as relevant as 'kg of N in fertilisers ha −1 '.
Interactions and simple slopes of Model 1
The simple slopes of an independent variable indicate how much the dependent variable will change on average when varying by one unit that independent variable and keeping the other independent variables constant at certain levels: low, mean and high. If the simple slopes change during these variations there are interaction effects.
Simple slopes of the variable 'kg of N in fertilisers ha
−1 '
All the simple slopes of the variable 'kg of N in fertilisers ha −1 ' are significant and negative, independently of the level of the other variables (Figs. 1-3) . The NUE decreases as the 'kg of N in fertilisers ha −1 ' increases. The conclusion is that farms with low levels of 'kg of N in concentrates ha −1 ' and 'kg of N in by-products ha −1 ' and high levels of 'Dairy cows ha −1 ' will experience a relatively higher average increase in the NUE (0.073) when decreasing the 'kg of N in fertilisers ha −1 ' than the farms with high levels of 'kg of N in concentrates ha −1 ' and 'kg of N in by-products ha −1 ' and low levels of 'Dairy cows ha −1 '.
Simple slopes of the variable 'kg of N in concentrates ha
All the simple slopes of the variable 'kg of N in concentrates ha −1 ' are significant and negative, independently of the level of the other variables. The NUE decreases as the 'kg of N in concentrates ha −1 ' increases. Values were very similar to those shown in Figures 1-3 (data not shown) . The conclusion is that farms with low levels of 'kg of N in fertilisers ha −1 ' and 'kg of N in by-products ha −1 ' and high levels of 'Dairy cows ha −1 ' will experience a relatively higher increase in the NUE when decreasing 'kg of N in concentrates ha −1 ' than farms with high levels of 'kg of N in fertilisers ha −1 ' and 'kg of N in by-products ha −1 ' and low levels of 'Dairy cows ha −1 '.
Simple slopes of the variable 'kg of N in by-products ha −1 '
All the simple slopes of the variable 'kg of N in by-products ha −1 ' are significant and negative, independently of the level of the other variables. The average NUE decreases as the 'kg of N in by-products ha −1 ' increases. Values were very similar to those shown in Figures 1-3 (data not shown) . The conclusion is that farms with low levels of 'kg of N in fertilisers ha −1 ' and 'kg of N in concentrates ha −1 ' and high levels of 'Dairy cows ha −1 ' will experience a relatively higher increase in the NUE when decreasing 'kg of N in by-products ha −1 ' than farms with high levels of 'kg of N in fertilisers ha −1 ' and 'kg of N in concentrates ha −1 ' and low levels of 'Dairy cows ha −1 '. ( Figs. 4-6) . A higher NUE was observed for farms with a higher number of 'Dairy cows ha −1 ' holding the N inputs constant.
Simple slopes of the variable 'Dairy cows ha
The conclusion is that farms with low levels of 'kg of N in fertilisers ha −1 ', 'kg of N in concentrates ha −1 ' and 'kg of N in by-products ha −1 ' will experience a relatively higher increase in the NUE when increasing 'Dairy cows ha −1 ' than farms with high levels of 'kg of N in fertilisers ha −1 ', 'kg of N in concentrates ha −1 ' and 'kg of N in by-products ha −1 '. The results are similar in Model 2 (data not shown).
Percentage coefficients of Model 1
Percentage coefficients (Tab. V) may be more useful in practice than the beta coefficients since they are intuitively easier to understand because they relate changes in percentages between the independent and the dependent variables and not standard deviations like the beta coefficients.
So, as an example, a 10% change in the variable (1) will cause an average variation of 6.1% in the NUE.
Interpretation of the positive sign
of the independent variable 'Dairy cows ha −1 '
As known from the literature, the more intensive the management of a dairy farm, the lower the NUE might be. The literature usually does not mention clearly if the variable 'Dairy cows ha −1 ' is considered in a simple regression or in a multiple regression. Because an increase in 'Dairy cows ha −1 ' is usually considered as an element of the high intensity of the management, it was surprising to find a positive correlation between the number of dairy cows ha −1 and the NUE. In the next paragraph we explain the veracity of this statistical result.
Potential causes of an unexpected sign are: (1) the dataset is too small; (2) the variance of the independent variables is too small; (3) the degree of multicollinearity is high; (4) computational errors have been made, and (5) important independent variables have been included in the model. The cause of the unexpected sign is the inclusion of important independent variables in the model (data not shown). The unexpected positive correlation of 'Dairy cows ha −1 ' with the dependent variable NUE means that the higher (up to a certain limit) the stocking density of dairy cows ha −1 , the higher the NUE will be, provided that N feed and fertiliser inputs in the farm and cows are kept at a constant level. If the feed has to be divided over a higher number of cows, one expects a lower milk production and a lower N output in the milk per cow. Here, we prove that the N output in the milk of the extra cows is higher than the sum of the decreases in the milk of the cows of the original herd. In other words, the herd becomes more efficient in N use. Kebreab et al. (2001) presented an equation for the relationship between the daily input of N per cow and the N output in the milk per cow (Eq. (3)). The research was performed with 50 cows which were fed amounts of N from 0.300 to 0.600 kg cow −1 day −1 , in different combinations of concentrates and forages.
The equation is:
g of milk N/cow day = 0.19 × g of N intake/cow day + 38.2 (3) This is a linear relationship and not a curve. This interval of feed nitrogen (300-600 g) is just a part of the whole curve that ranges from 0 to 1000. The curve has been linearised for this interval, which is the interval representing the feed level of many dairy herds.
The cow efficiency is:
Dairy cow Efficiency = g of milk N/cow day g of N intake/cow day × 100 (4) substituting g of milk N / cow day by equation (3) (6) So, the higher the N intake/cow day, the lower the efficiency of the dairy cow.
The definition of NUE is:
Two different scenarios are tested:
Scenario 1: The total feed N input is fixed as input 1 and fed to n 1 cows.
Milk Output 1 is:
Scenario 2: The total feed N input stays constant = feed N input 1 , the number of cows increases to n 2 . which proves the veracity of the results indeed. The following step is to calculate how much the number of dairy cows (or livestock units) can increase without jeopardising the minimum intake limit of 0.300 kg N cow −1 day −1 . The potential increase in the number of cows depends on the initial number of cows and on the initial N intake cow −1 day −1 . The larger the initial herd and the higher the initial intake cow −1 day −1 , the more "extra cows" can be included. We have not studied potential effects on animal health and fertility when the N supply to the dairy cows is very sharp. Within our dataset, a small increase in the dairy cow herd does not necessarily impair the economic performance of a dairy farm.
CONCLUSION
Two statistical models were developed, which include the most relevant variables influencing the nitrogen use efficiency (NUE) of Flemish dairy farms. One model is developed for farms without arable crops and the other model is developed for farms with arable crops. One major result is that, contrary to current knowledge, 'Dairy cows ha −1 ' is the most relevant variable, being 1.4 times more relevant than 'kg of N in fertilisers ha −1 ', 3.1 times more relevant than 'kg of N in concentrates ha −1 ' and 4.6 times more relevant than 'kg of N in byproducts ha −1 '. Hence, when the aim is to increase the NUE and the farm sustainability, the variable 'Dairy cows ha −1 ' should be modified in the first place. Another major result is that, according to previous knowledge, the N input variables present a negative correlation (sign) with NUE. However, the variable 'Dairy cows ha −1 ' shows a positive correlation (sign) with 'NUE'. At a constant N feed and fertiliser input to the farm, the increase in 'Dairy cows ha −1 ' implies an increase in the total farm N output, which causes an increase in the average NUE and in the farm sustainability. In other words, if 'Dairy cows ha −1 ' is increased, and if the farm N feed and fertiliser input is constant, the sum of the decreases in N in the milk production of each cow is lower than the extra N produced by the added cows. Therefore, the total farm milk N output will be higher and the NUE as well. Hence, a higher stocking density does not imply a lower agricultural sustainability provided other factors are kept constant.
